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• Vectors are in bold type and their magnitudes are in normal type. 
• The units follow the SI system. 
 
ac at  chip and tool diffusivity respectively 
B, Bc workpiece and chip width in rotary tool process for Armarego et al. 
B width of cut in “classical” oblique cutting and equivalent width of 
 cut for Armarego et al. 
b, bc width of cut and chip width 
ct tool heat capacity 
F friction force on rake face 
FP cutting force component in the V direction 
FQ cutting force component in the Pn normal to FP 
FR cutting force component mutually perpendicular to FP and FQ 
Fs shear force in the shear plane 
FPt total cutting force component in the V direction 
FQt total cutting force component in the Pn normal to FP 
FRt total cutting force component mutually perpendicular to FP and FQ 
i inclination angle between V and Pn 
is static inclination angle between Vw and Pn 
K1P, K1Q, K1R  edge force per unit width in FP, FQ and FR directions 
 xiii
l, lc length of “workpiece” and chip respectively 
lf tool-chip contact length 
Pn normal plane, the plane normal to the cutting edge 
P total cutting power = FPtV 
Q1, Q2, Q3 heat dissipated at the primary, secondary and tertiary zone 
 respectively 
rb, rt chip width and chip thickness ratio 
rl absolute chip length ratio 
rlr relative chip length ratio 
R1, R2, R3 heat partitioning coefficients of the primary, secondary and tertiary 
 zones respectively 
t undeformed chip thickness 
tc deformed chip thickness 
U total specific cutting power or total specific cutting energy 
V resultant or relative cutting velocity 
Vc absolute chip velocity 
Vcr relative chip velocity 
Vf feed rate 
Vr rotary tool peripheral velocity 
Vs velocity in shear plane 






αn normal rake angle in Pn 
β, βn friction angle and normal friction (in Pn) 
ηc relative chip flow angle (between Vcr and Pn) 
ηc’ friction force angle (between F and Pn) 
ηs shear flow angle (between Vs and Pn) 
ηs’ shear force angle (between Fs and Pn) 
τ shear stress in the shear plane 
φn normal shear angle in Pn 
ψ absolute chip flow angle (between Vc and Pn) 
Ω projected absolute chip flow angle 
ωr rotational tool frequency 







One of the main features of any material removal process is that a significant 
portion of the mechanical energy generated by the interaction of the tool and the 
workpiece is converted into heat. In metal cutting, this energy is mainly created by 
shearing and friction and is dissipated through conduction of heat into the tool, the 
workpiece and the chip. This results in an increase in tool temperature which accelerates 
the tool wear. Tool wear is not desirable because both tool life and the accuracy of the 
machined surface are adversely affected. 
Several methods have been investigated by researchers in order to lower the tool 
temperature. In particular, the use of cutting fluids that serve as both a heat transport 
mechanism and as a lubricant at the tool-chip interface has been studied and used in 
practice today. However, in some cases, its effectiveness is limited by its inability to 
penetrate the tool-chip interface. Furthermore, these days, the use of cutting fluids is less 
desirable because of its adverse effect on the environment. Some investigations have 
reported that exposure to particles generated by evaporation of cutting fluids can cause 
breathing trouble and skin irritation.  
A novel method to decrease the cutting temperature is to use a rotating cutting 
edge in the form of a disk. This type of device is known as a rotary tool and it provides a 
rest period for the cutting edge thereby allowing for the edge to be cooled and a 
continuously fresh portion of the edge to be engaged with the workpiece. This enables the 
tool wear to be distributed uniformly along the entire periphery of the cutting tool. 
 xvi
In order to quantify the beneficial characteristics this type of tool, an analysis of 
the cutting temperatures involved in such a process is presented in this thesis. To do so, a 
predictive tool temperature model is developed using the finite element method. To 
determine the effectiveness of this model, tool rake face temperature measurements have 
been made with an infra-red thermal imaging camera. The thesis also presents a 
comparison of rotary tool temperatures and an equivalent circular fixed tool temperature 
and quantifies the influence of tool rotation. The analysis has been carried out for 
classical longitudinal turning of the outer diameter of a 52100 hardened steel (58 HRC) 
bar. Hard turning is investigated since tool wear is of particular concern to make this 
process viable compared to the well-established grinding process. Predicted and 
measured tool temperatures show good overall agreement along the cutting edge. The 
measured temperatures are found to be up to 50o C lower in rotary tool cutting than in 
fixed tool cutting under the same conditions. 
The tool temperature distribution model can be used to obtain a good idea of the 
cutting temperatures occurring during a rotary tool cutting process. In addition, the results 
obtained in this work are encouraging in terms of tool wear and tool life enhancement. 
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The chip formation process in machining is accompanied by heat generation, 
which influences the mechanical and physical properties of both the workpiece and the 
cutting tool. High temperatures tend to accelerate thermal softening of the tool and 
subsequent tool wear, which are not desirable because they negatively impact the 
accuracy of the machined surface and tool life. 
There are many approaches to minimize the impact of heat generation on tool life 
in metal cutting. A first approach is to use a cutting fluid but its effectiveness is limited 
by its ability to penetrate between the tool and the chip and the use of cutting fluids is 
now being questioned on health terms. One novel approach is to remove the heat 
generated through a cooling cycle as in interrupted cutting. The idea is to either translate 
a wide tool to the side as it moves forward relative to the workpiece, which allows for 
dissipation of heat throughout the body of the tool (Figure 1-1(c)), or to use a cutting 
edge in the form of a disk that rotates about its principal axis. The latter, known as a 
rotary tool (Figure 1-2), provides a rest period for the cutting edge, thus enabling the edge 
to be cooled and a continuously fresh portion of the edge to be engaged with the 
workpiece. Such a tool has the potential to enhance the tool life and lower the high cost 
of replacing the cutting tool in machining of hardened steels using the single point 
turning process. Insert rotation can be either externally driven (Driven Rotary Tool) or 
generated by a self-propelling action induced by chip formation (Self-Propelled Rotary 




Figure 1-1: Three basic types of cutting tools, (a) orthogonal tool, (b) oblique tool, (c) 









Conventional methods of machining hardened materials usually involve rough 
machining of the annealed workpiece followed by heat treatment, grinding and 
superfinishing or honing. The main issues with this multi-step process are obviously its  
high cost and time. Also, this process requires several machines for each operation. Hard 
turning refers to single point machining of materials approximately 45 HRC and higher 
using extremely hard, wear-resistant cutting tools such as polycrystalline cubic boron 




machining and surface characteristics comparable to grinding, using a single machine 
tool. This provides an attractive alternative to the conventional machining sequence 
because the number of operations is reduced and the entire machining process can be 
performed after heat treatment. Moreover, machine tools used for hard turning are 
typically cheaper than those used for grinding and chips generated during hard turning 
are easier to recycle than grinding swarf. Therefore, hard turning provides cost savings 
and environmental advantages when used as a replacement for grinding operations. 
Since very limited work has been reported in modeling and validating tool 
temperature in rotary tool based hard turning, this thesis addresses two major research 
objectives: 
1. Modeling of the tool temperature distribution in self-propelled rotary tool (SPRT) 
in machining of hardened steel where tool life is of particular concern. 
2. Experimental model validation through measurements of the cutting tool 
temperature distribution using an infra-red thermal imaging camera under 
different cutting conditions. 
Since tool life is significantly influenced by cutting temperatures, a model is 
developed to analyze the heat transfer and temperature distribution in rotary tool turning 
of hardened 52100 steel (58 HRC). The model is based on the moving heat source theory 
of conduction and employs the Finite Element Method (FEM) for its solution. Moreover, 
both rotary and equivalent fixed tool cutting processes are compared in terms of cutting 
tool temperatures generated. 
The thermal modeling and solution approach in this work is significantly simpler 
than in previous work (Chen 1992, Kishawy et al. 2001). Furthermore, unlike previous 
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rotary tool temperature modeling and verification efforts, actual temperature distribution is 
experimentally verified. 
Thesis outline 
Chapter 2 provides an overview of prior work related to rotary tool turning, with 
an emphasis on investigations of the process itself and cutting temperatures. A 
description of predictive temperature model developed in this work is provided in 
Chapter 3. Chapter 4 provides a description of the experimental work on rotary tool 
temperature measurements. This chapter also discusses forces and chip formation 
involved in the SPRT process. Chapter 5 provides results in terms of predicted and 
measured temperatures and pertinent discussion of the results. Finally, the conclusions 










This chapter provides a review of prior research related to rotary tool turning with 
an emphasis on investigations considering specific aspects of the process itself and 
cutting temperatures involved in this process. This chapter begins by providing the basics 
of the rotary tool process such as kinematics and mechanics. This chapter also provides 
an overview of influential work related to cutting temperatures in rotary tool turning.  
Finally, this chapter concludes by describing limitations of prior work and emphasizing 
the need for a study of factors largely ignored by these investigations. 
 
2.1. Basic features of rotary tool processes 
2.1.1. Generalities 
Generally, rotary tool turning is a cutting process in which the cutting edge of a 
round insert rotates about its axis, so that a continuously indexed cutting edge is fed into 
the cutting zone. Compared to a conventional stationary tool or non-rotating circular tool, 
rotary tool allows each portion of the cutting edge to be cooled between engagements and 
makes use of the entire circumference of the edge which has a positive influence on 
lowering overall tool temperature. 
Insert rotation can be either externally driven (Driven Rotary Tool) or generated 
by a self-propelling action induced by chip formation (Self-Propelled Rotary Tool). 
Venuvinod et al. (1981) studied the mechanics of the DRT process. Shaw et al. (1952) 
investigated the DRT process and measured the average tool-chip interface temperatures 
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using the tool-work thermocouple technique. Armarego et al. (1997) investigated the 
mechanics of both DRT and SPRT processes theoretically and experimentally. 
Like conventional cutting processes, the rotary tool cutting process is classified as 
orthogonal or oblique depending on whether the workpiece velocity is perpendicular to 
the rotary tool cutting edge or not, respectively. The DRT can be both, whereas the SPRT 
requires the cutting edge to be at an oblique angle to the cutting speed in order to derive 
its motion. The insert rotation about its axis is derived from the cutting force parallel to 
the workpiece velocity. Consequently, the static inclination angle is must be non-zero for 
the tool to rotate. 
In self-propelled tool cutting process, another way to explain the diminution of 
temperature could be given. Indeed, in metal cutting the temperature in the tool-chip 
interface depends on the balance between the generation and the dissipation of heat. In 
conventional cutting, the consumed power is largely converted into heat. In rotary tool 
cutting, some energy is required to drive the tool and is turned into kinetic energy. Thus, 
the heat generation is reduced (Wuyi et al., 1991). 
 
2.1.2. Geometry 
Geometrically, the DRT is a frustrum of a cone which may be inverted such that 
the base acts as the rake face or used upright with the periphery of the cone surface acting 
as the rake face. The SPRT is also a frustrum of a cone (because of the clearance angle) 
but is very thin. It looks like the conventional fixed circular insert. In both cases, the 
cutting edge is a circular. In most of studies, the tool rake face is supposed to be a plane 
normal to the insert rotation axis. Also, it is important to note that both orientation 
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(inclinations) and position (with respect to the workpiece axis) of the tool are 
predominant parameters and will be discussed in the following section. 
 
2.1.3. Kinematics 
Like stationary tools, two motions are important in a rotary tool process: 
• Cutting motion, rotational speed of the workpiece Nw. 
• Feed motion of the tool into the piece f. 
The main feature of a rotary tool is that the tool also rotates. Thus, a third motion, 
i.e. rotational speed of the tool, Nr occurs in this process. 
The consequences of this characteristic concern the kinematics and the mechanics 
of the chip formation process. Indeed, it is obvious that the spin of the tool deviates the 
chip flow velocity vector. 
Also, the effect of feed rate Vf can be ignored because its value is much smaller 
than the cutting speed Vw and Vr. Thus, the following relations between the different 
velocities can be derived. 
 rw VVV
rrr
−=  (1) 
 rccr VVV
rrr
−=  (2) 
 
Consequently, the mechanism is studied in the frame of the tool where the cutting 
edge is assumed to be a straight line since the tool radius is large compared to other 




Figure 2-1: Rotary cutting process as observed from fixed point (a) in space, (b) on tool 




Armarego et al. (1994) carried out investigations in order to understand the 
fundamentals of the rotary tool cutting processes. Studying operations for machining a 
tube, they related rotary tool processes to the better known orthogonal and oblique cutting 
processes and developed mechanics of cutting models for these new processes. They 
performed a theoretical investigation and validated their model trough experimental 
investigation. When the rotary tool and the tube diameters are large compared to the tube 
thickness and the feed speed is negligible compared to the cutting speed, the rotary tool 
can be represented by a straight cutting wedge tool of constant normal rake angle. 
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As pointed out earlier, all rotary tool processes can be classified into three basic 
types: driven orthogonal rotary operation, driven oblique rotary operation and self-
propelled rotary operation. If the angle between the cutting velocity Vw and the normal 
plane Pn (called static inclination angle is) is equal to zero then it is called orthogonal; 
otherwise, it is called oblique. 
Thus, there exists only one way to get a driven orthogonal rotary operation, i.e. 
the tool has to be on centre. For the self-propelled, there are two possibilities. On one 
hand, the tool can be tilted. On the other hand, it can be set above or below centre. For 
the driven oblique process, the tool is not inclined but is set above or below centre. The 












Figure 2-3: Tool above and below centre, driven or self-propelled oblique rotary tool 










2.1.3.1.Driven oblique rotary tool cutting process 
The kinematics of this process is studied first. Indeed, it may be considered as a 
general case for reasons explained later. As mentioned earlier, the mechanism has to be 
studied both in the absolute space and in the frame of the tool. In Figure 2-3(a), the tool is 




Vr is assumed to be positive. Thus, the workpiece velocity Vw and the walls of the tube 
(assumed to be straight) are inclined to the normal plane Pn by the static inclination angle 
is; the process is oblique rotary. The orientation of the relative or resultant workpiece 
velocity V is given by the inclination angle i with respect to Pn. In Figure 2-5(a) to (e), 
configurations of the driven oblique rotary tool are simulated as Vr varies from a positive 
value to a negative value (the spin of the tool is reversed). When Vr is equal to zero, the 
rotary tool becomes a stationary tool as shown in Figure 2-5(b). Also, in this case, the 
driven oblique process is identical to the classical oblique cutting process as seen in 





Figure 2-5: Driven oblique rotary tool and corresponding equivalent “classical” 







The following equations can be derived from the Figure 2-5: 



























=  (6) 
The driven oblique process is considered to be the most general case among all 
rotary tool processes. Indeed, this type of operation involves variables such as the static 
inclination angle is which is zero for the driven orthogonal rotary tool process, and the 
inclination angle i which is zero for the self-propelled oblique rotary tool. 
Regarding Figure 2-5, driven oblique rotary tool process (Figure 2-5(a)-(e)) and 
classical oblique cutting process (Figure 2-5(f)-(j)) exhibit similarities. Considering 
Figure 2-5(a) and (f) it is noted that in both processes the resultant cutting velocity V is 
oriented at the inclination angle i to the straight cutting edge. The main difference comes 
from the definitions of i and is. Indeed, for the driven oblique process, Vw is referenced 
by is with respect to Pn and by (i – is) with respect to V whereas for the classical oblique 
process, Vw = V and is oriented at the inclination angle i = is. For the former, the 
difference between the static inclination and inclination angles ensures that a different 
portion of the cutting tool engages the workpiece during cutting while for the latter, the 
same portion of the edge is engaged. 
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Thus, from a kinematics point of view, the two corresponding processes could be 
considered “equivalent” if the volume removal rate is equal for the same V and thickness 













=  (8) 
 
2.1.3.2.Driven orthogonal rotary tool cutting process 
When the rotary tool is set on centre (i.e. static inclination angle is equal to zero) 
and driven, the process is considered to be a driven orthogonal rotary tool process. The 
absolute velocity Vw is parallel to Pn but the relative velocity V is inclined to Pn by the 
inclination angle i whose both magnitude and direction depend on those of the tool 
rotational velocity Vr. In Figure 2-6, both driven orthogonal rotary tool process and its 
equivalent classical orthogonal cutting process are shown as Vr varies from a positive 
value to a negative value. Equations (3) to (8) for the driven oblique rotary tool also 




Figure 2-6: Driven orthogonal rotary tool and corresponding equivalent “classical” 




When the tool is set on centre and not driven but free to rotate about its axis, the 
tool could be self-propelled. However, as shown in Figure 2-6(b) and (e), this 
phenomenon does not occur. Indeed, in this case, the driven orthogonal rotary process is 
perfectly equivalent to the classical orthogonal cutting process and the resultant force lies 
in the normal plane so that no side force along the cutting edge can propel the tool. Thus, 
the orthogonal rotary tool process must be driven by an external source. 
 
2.1.3.3.Self-propelled oblique rotary tool cutting process 
Contrary to the former process, this process has to be oblique in order to allow the 
rotation of the tool. As pointed out earlier, one way to get tool motion is to set it above or 
below centre. If the rotary tool is free to rotate and is set above centre so that is is not 
 
 15
equal to zero, the cutting action will result in a force along the cutting edge which will 
propel the tool counter-clockwise (negative Vr) until an equilibrium position is achieved 
where no side force acts along the tool edge (assuming the rotary tool axis can rotate 
freely with no friction and chip transportation requires no additional energy). This 
condition occurs when the relative velocity V lies in the normal plane (inclination angle 
is zero) as shown in Figure 2-5(d). Thus, the equivalent process is a classical orthogonal 
process. When the tool is set below centre, the static inclination angle is becomes 
negative, the inclination angle i is zero, and the tool is propelled clockwise. 
The other way to propel the tool is to give an effective negative rake angle to the 
tool. Thus, the tool is again driven by the chip in a counter-clockwise direction. This 
tilted position of the tool is similar to the one where it is set above centre. Also, some 
tools are inclined in two directions, around the workpiece axis and around the axis 
normal to the latter (effective negative rake angle). Equations (3) to (8) for the driven 
oblique rotary tool also apply for the self-propelled one when i = 0 is substituted. 
 
 




Table 2-1: Rotary tool and corresponding equivalent classical processes. 
Rotary tool 
















This work is presented in Appendix A. 
 
2.2. Previous studies on temperature modeling in a RT process 
2.2.1. Studys of Chen et al. (1992) 
Note: 
The notations used in this section are those used by Chen et al. (1992) and will 
not be used again here after. 
In their study, Chen et al. derive a model to predict the cutting temperature in 
SPRT turning of high-performance materials such as the SiC reinforced aluminum 
composite and a titanium alloy 6AL-4V. He also presents experimental measures of both 
temperature and cutting forces. Temperature measurements are made using the tool-work 
thermocouple technique. 
Tool temperature analysis is based on a model of a heat source moving cyclically 
along the cutting edge. The tool-chip interface is assumed to be a heat source of surface 
St moving along the circular cutting edge. 
The shape of this interface is one of the most important parameters because its 
area and the heat flux are closely linked. In rotary tool operation, it is quite difficult to 
define it very accurately. However, analyzing the worn rake face of a fixed circular tool, 
it appears to be a small “coma” shape region as shown in Figure 2-7. Chen et al. simplify 
this coma to be a right-angled triangle. 
Provided that the rake and clearance angles are not too large, the circular cutting 
tool is treated as a quarter-infinite body. In the Figure 2-8, the cutting edge is in the x-
 17
axis direction and the rake face of the tool in the x-y plane and the hatched triangle area 
represents the moving heat source. Further simplification by symmetry is made by 
assuming a heat source 2St moving along the x-axis at the surface of a semi-infinite body, 
provided that the x-z plane is a perfect insulator and the heat source 2St expends the same 
flux, yet double symmetrical area of the original St. 
With these simplifications, the heat source St rotating along the circular edge is 
treated as a problem of 2St periodically entering at an end 01, moving at speed Vt along 
the x-axis in the x-y plane and exiting at another end 02. The interval of time between 01 













According to Chen et al., the problem has to be solved using the approach of 
Carlsaw and Jaeger (1959) for moving heat sources. The starting point for Chen et al. 




















∂ θθθθ  (9) 
where θ is the temperature and K the diffusivity of the tool. 
The temperature rise of the tool ∆θ is derived for any point P(x0, y0, z0) in Figure 
2-8 in a semi-infinite body (tool) at time t after a heat Q (in Joules) is liberated 


























where c is the specific heat of the tool (W.m-2.K-1) and ρ is the density of the tool (kg.m-
3). The 2 in the numerator of Equation (10) comes from the fact that the body is semi-
infinite and not infinite. Chen et al. assume that the heat source is uniformly distributed. 
The mean heat flux expended at the tool-chip interface is qt (W.m-2) and the fraction of 
energy going into the tool is R. Thus, the quantity of heat per unit time per unit area 
going into the tool is Rqt. 
Chen et al. use the analytical approach of Shaw (1984) to obtain the temperature 
of the chip at the chip-tool interface θ0’: 
 ts θθθ ∆+='0  (12) 
where θs is the average shear-plane temperature and ∆θt the temperature rise in the tool 
chip interface with the partition coefficient R. 
By equating θ0 and θ0’, the coefficient R is determined as well as the temperature 
distribution. 
Additional discussion about this model is given in Appendix B. 
 
2.2.2. Study of Kishawy et al. (2001) 
Note: 
The notations used in this section are those used by Kishawy et al. and will not be 
used again here after. 
 
The model used by Kishawy et al. to obtain the tool temperature distribution in 
SPRT turning of plain carbon steel is based on a finite-volume discretization approach 
applied to a general conservation of energy statement for the tool and the chip. Their 
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approach is divided into two parts. The first involves a 1D discrete model and gives the 
heat partition coefficient R2 (fraction of heat at the tool-chip interface going to the chip), 
the interface temperature Tct and the average tool temperature Tta. The second involves a 
3D discrete model and is used to examine the temperature distribution in the tool. 
According to Kishawy et al., the starting point is the conservation equation in 
generalized coordinates applied to bot the chip and the tool. Generalized coordinates are 
used due to geometric differences between the tool (cylindrical) and the chip 
(rectangular). Kishawy et al. use these coordinates to apply the same computer model to 
the tool and the chip geometry. Also, the control-volume/grid generation approach 
permits to transform a physical domain (which can have a complex shape) to a 
computational domain which is nothing but a parallelepiped (Patankar, 1980, Ozisik, 


























































































































where hc is the enthalpy of the chip and is nothing but cpT (T being the absolute 
temperature), ρ is the density of the material, kc and cpc are the thermal conductivity and 
the heat capacity of the chip respectively, Sc is the heat generation due to the shear plane 







































































































































































These energy equations used by Kishawy et al. take conduction and convection 
due to the moving mass (tool) into account. 
The second equation which describes the problem is the continuity of flux at the 
tool-chip interface. If Sct is the heat flux (W.m-2) extended at the interface and Act is the 
































 ctctzyx AS =++ )( ηηη  (20) 
Equations (16), (21) and (22) are discretized using a finite-volume discretization 
(Patankar, 1980, Ozisik, 1994, Thompson et al., 1982). In the Figure 2-10, the volume-
control is in 2D for better understanding, but actually it is a parallelepiped with a top and 



















Kishawy et al. use the following notations: ijk for P, i+1jk for E, i-1jk for W, 
ij+1k for N and so on to write the discritized energy equations. Also, each control-volume 
is a unit parallelepiped (i.e. ∆ε = ∆η = ∆ζ = 1). He finds: 






































Kishawy et al. use a power law function to approximate all the terms Ω (Patankar, 
1980). The function is only written at the e-face for Ωe since other faces follow a similar 
development. 
 























































ρζηρ  (25) 
 
Pe is the Peclet number at the east-face. 
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For the 3D case, Equation (27) is substituted into Equation (24) with similar 
substitutions for the other faces to get an equation for the control-volume in terms of its 
enthalpy hijk and the surrounding ones hi+1jk, hi-1jk and so on. For the 1D application, 
Kishawy et al. assume that temperatures vary only in one grid dimension, so, the practical 
enthalpies are only hi, hi-1 and hi+1. 
Kishawy et al. derive the discrete equation of continuity of flux at the chip-tool 
interface using a finite-difference approximation on each side of the interface with ∆η = 
1/2: 


















































where hct is the interface enthalpy, and hi and hj are the tool and the chip enthalpy 
respectively. 
Equations (24), (25), (27) and (29) are used in both level one and two applications 
together with boundary conditions. 
In the level one application, the rotary tool is divided into stationary control-
volumes as shown in Figure 2-11 and the chip is represented by a stationary control-
volume and connected to the tool by S1 (tool-chip interface) in the same figure. Kishawy 
et al. represent both conduction in the tool and convection of the chip by an effective 
thermal resistance Reff. Also, the terms ωr and Rk are shown to represent energy transport 
due to the rotation of the tool and diffusion respectively. The other assumptions used for 
this model are: 
• The tool is assumed to be sharp, the tertiary zone is not considered in his model. 
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• The chip leaves the shear zone at a constant temperature equal to the shear plane 
temperature. 
• The heat generated along the friction interface is uniformly distributed. 





Figure 2-11: Simplified model for the tool, the chip and the chip-tool interface (Kishawy 




With these assumptions and simplifications, Kishawy et al. derive new 
conservation equations for both the tool and the chip and for every control-volume (zone 
1 to n in the tool and zone 1 in the chip). 
For zone 1: 
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For zones 2 to n: 
 ( ) ( )∞−=Ω−Ω hhcRA ipteffwe
1  (28) 
For zone S1 (tool-chip interface), Equation (29) is applied without modification. 
Kishawy et al. solve the system of Equations (29), (30) and (31) directly when average 
properties are used. He mentions that it can be solved by iteration when variable 
properties are applied. 
In the level two application, the object of this 3D model is to examine the 
influence of the rotational tool speed on the maximum temperature and the temperature 
distribution in the tool. Thus this model is applied only to the tool and uses the 
partitioning coefficient R2 obtained in the level one application. For numerical 
computation, Kishawy et al. use Equations (25) and (27). Convection conditions (using 
the heat transfer coefficient h = 100 W.m-2.K-1) are applied at all boundaries except near 
the tool-chip interface where the following assumptions apply: 
• The shear plane temperature from the level one model is applied at the maximum 
radius of the tool. 
• The total heat load (1- R2)Sct is applied in a linear fashion (as a heat flux) from a 




The predicted results were compared to temperature measurements reported by 
Shaw et al. (1952) for one cutting condition. The discussion about this model is presented 
in Appendix C. 
 
2.3. Summary 
Prior research on modeling and measuring temperatures in rotary tool turning has 
been reported. Shaw et al. (1952) measured the average cutting tool temperature in driven 
rotary tool turning of plain carbon steel using the tool-work thermocouple technique. 
They reported that measured temperatures could be up to 200o C lower in rotary tool 
cutting than under fixed tool conditions. Wuyi et al. (1991) also reported lower cutting 
temperatures in machining hardened steel using a similar technique. Chen et al. (1992) 
adapted the sliding heat source method proposed by Carslaw and Jaeger (1959) and 
modified the heat source geometry to be closer to the rotary tool problem. However, as 
pointed out earlier, some parts of this work have to be considered carefully since some 
explanations are not very clear. They too measured cutting temperatures in machining of 
composite materials with self-propelled rotary tool using the tool-work thermocouple 
technique. Kishawy et al. (2001) used a control volume method to apply the heat 
conservation equation to both the chip and tool. But as with Chen et al.’s work, some 
results have to be analyzed carefully. They compared their model predictions to the average 




3 CHAPTER 3 
 




In this investigation, a finite element modeling approach is presented to obtain the 
temperature distribution in the rotary tool during machining of hardened AISI 52100 steel. 
The thermal modeling and solution approach in this work are significantly simpler than in  
the previous work of Chen et al. (1992) and Kishawy et al. (2001). 
 
3.1. Modeling basics 
The model used for a rotary tool process is similar to that used for classical 
orthogonal and oblique cutting processes (Shaw, 1984). 
The three main sources of thermal energy in metal cutting include the primary or 
shear zone Z1, secondary or friction zone Z2 and the tertiary or tool-work zone Z3.  
Generally, the tertiary is ignored when a perfectly sharp tool is assumed. The temperature 
at the chip-tool interface (secondary zone) is one of the major causes of tool rake face 
wear. The three zones are depicted for an orthogonal cutting process in Figure 3-1 where: 
• Q1 is the heat generated in the primary zone. 
• Q2 is the heat generated in the secondary zone. 
• Q2 is the heat generated in the tertiary zone. 
• R1 is the fraction of heat from Z1 going to the chip. Part of the heat at Z1 is 
transported by the chip and part of it flows into the workpiece. 
• R2 is the fraction of heat from Z2 going to the chip. Part of the heat at Z2 is 
transported by the chip and part of it flows into the tool. 
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• R3 is the fraction of heat from Z3 going to the tool. Part of the heat at Z3 flows into 









The main assumptions employed in the thermal model development are: 
• The cutting edge is assumed to be sharp so that the tertiary zone can be neglected. 
• All energy involved in plastic deformation (in the shear zone and at the chip-tool 
interface) is converted into heat. 
• The primary and secondary zones are plane surfaces. 
• The heat generated along the friction interface and the heat generated along the shear 
zone is evenly distributed. 
• The chip formation takes place along a thin shear zone and moves as a rigid body 






















The predictive model developed in the following sections predicts the temperature 
distribution of the tool only. Heat from the shear zone is not considered in this model. 
The cutting operation modeled in this thesis is classical longitudinal turning of the outer 
diameter of a bar. The geometry of the rotary tool consists of a torus with a rectangular 
cross section; the outer and inner diameters are 27 mm and 13 mm, respectively. Both 
rake and clearance angles are equal to zero. Dry machining is assumed with a convection 
heat transfer coefficient of 100 W.m-2.K-1 (coefficient used by Kishawy et al., 2003 for 
carbide tool) and the tool is initially at an ambient temperature of 20°C. Table 3-1 gives 
the density, heat capacity and thermal conductivity of the tool and the workpiece 










Table 3-1: Thermal and physical properties of tool and workpiece materials. 





Carbide tool with a 




AISI 52100 steel 7827 
458 (25 < T < 204 
°C) 






3.2. Model development 
3.2.1. Governing equation 
As pointed out earlier, the tool temperature modeling approach used in this work 
differs from those proposed by Chen et al. (1992) and Kishawy et al. (2001). The 
approach employed in this investigation uses the finite element method (FEM) for the 
solution of the governing equation of heat transfer in the rotary tool cutting process. The 
governing equation is derived from heat conduction theory as discussed below. 
The method consists of modeling the rotating tool with a transport term added to 
the heat conduction equation, exploiting the fact that the disk is rotationally symmetric. 
This permits the tool to be considered “fixed” and assigns the rotational motion to the 
heat source.  This is done by adding a convective flux term TVc rtt
r
ρ  to the conductive 
flux term Tkt∇−  in the heat conduction equation as follows: 






ρρ .  (29) 
where 
•
Q  is the heat source power per unit volume.  Frictional heat generated at the tool-
chip interface is incorporated as a boundary condition (taking the heat partitioning 
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coefficient R2 into account) at the tool-chip interface. Consequently, the chip need not be 
modeled. 
For a rotating tool spinning clockwise with its rotational axis assumed to be the z-





















−= ω  (30) 
Performing the differentiations and using the conservation of mass equation 


















yields the following heat transfer equation: 



















Tc rttttt ωρρ .  (32) 
 
3.2.2. Tool-chip interface 
The tool-chip interface is not assumed to be the uncut cross sectional area, which 
is approximately shaped like a “coma”. The actual tool-chip interface geometry is 
established by the contact area between the tool and the chip.  In this paper, this area is 
assumed to have the shape shown in Figure 3-3 where m is the chip width and l the tool-
chip contact length. 
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Although the exact tool-chip interface geometry is hard to know, it can be safely 
assumed that m is small compared to the diameter of the tool.  Therefore, the tool-chip 
interface can be approximated as a right angled triangle whose area is given by: 
 
2
mlAct =  (33) 
 
3.2.3. Heat flux at the tool-chip interface 
The power, Pf, dissipated due to frictional interaction at the tool-chip interface is 
given by: 
 crf FVP =  (34) 
where F is the friction force at the interface and Vcr is the relative chip velocity. 
















Using the tool-chip contact area approximation discussed above, Equation (38) 





=  (36) 
Note that Equation (39) holds for both rotary and fixed tool cases except that Vcr 
is replaced by Vc for the fixed tool case where the tool does not rotate. 
The friction force F is derived using oblique cutting theory since the force along 
the cutting edge is not equal to zero: 
 ( )[ ] ( )22 )cos()sin()cos()sin()sin()cos( stscnfnstsc iFiFFiFiFF −+++= αα  (37) 
where Fc, Ft, and Ff are the cutting, thrust and feed force components 
respectively. And is and αn are the static inclination and normal rake angles respectively. 
The peripheral tool speed Vr and the relative chip speed are: 












=  (39) 
where b and bc are the width of cut and the chip width, respectively. t and tc are 
the undeformed and deformed chip thicknesses, respectively. 
 
3.2.4. Heat partitioning coefficient, R2 
The heat partitioning coefficient R2 represents the heat fraction generated at the 
tool-chip interface and evacuated by the chip. In this work R2 quantity is estimated via 
Shaw’s analysis (1984) together with additional assumptions discussed below. 
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Shaw derives the heat partitioning coefficient assuming a rectangular heat source 
of uniform strength acting as a friction slider and moving at a certain speed over a 
stationary semi-infinite body insulated everywhere except across the interface. However, 
the interface in the present work is approximated as a right angled triangle. Moreover, in 
rotary tool turning, the velocity of interest is no longer the absolute chip velocity but the 
chip velocity with respect to the tool (Vcr) since the tool rotates about its own principal 
axis. 
One solution to the above problem is to assume that the shape of the heat source is 
less important than its area. Thus, an equivalent rectangular heat source can be used as 









Using these assumptions in Shaw’s analysis, the following equation can be 




















• kt and kc are the thermal conductivities for the tool and the chip, respectively. 

























=  (42) 
where ac is the thermal diffusivity of the chip. 
The numerical computations required to solve Equation (35) are performed in the 
FEM software FEMLAB executed in the MATLAB environment. 
 
3.2.5. Boundary conditions 
The boundary conditions for the finite element method used to solve are as 
follows. Equation (39) combined with the heat partitioning coefficient (1-R2) is imposed 
at the tool-chip interface. All outer surfaces of the tool are subjected to convection with a 
heat transfer coefficient of 100 W.m-2.K-1. The inner surface (diameter) and the bottom of 






















3.2.6. Implementation of the model in FEMLAB 
FEMLAB’s heat transfer physics mode is used to model the tool. The FEMLAB 
software uses a graphic interface. Six main modes are used to solve a problem: draw 
mode, boundary mode, subdomain mode, mesh mode, solver and post mode. Input 
parameters are given in Appendix D. 
 
 Draw mode 
The geometry of the tool and the tool-chip interface are specified in this mode. 
The tool geometry is nothing but a torus with a rectangular cross section. Two cylinders 
are drawn and then differentiated to obtain this geometry. Since the tool-chip interface 
has certain boundary conditions imposed on it, it has to be considered as an embedded 
surface on the tool rake face. In this way, it constitutes an independent entity but still 
belongs to the tool. 
Heat-flux at the tool-chip interface 
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 Boundary mode 
This mode permits specification of all boundary conditions. Actually, the cutting 
edge is circular and not a straight line as shown in Figure 3-9. This is due to the 








 Subdomain mode 
In this mode, the different terms involved in the governing equation are defined. 
 
 Mesh mode 
The different characteristics of the finite element mesh are set in this mode. 
Clearly, the finer the mesh, the more accurate the solution at the expense of longer the 
computation time. To get valid results, the meshing is first set to “normal” and then it is 
refined until the solution does not vary anymore. In this work, the “finer” meshing option 
has been found to be a good trade-off between the computation cost and the accuracy of 
the results. Table 3-2 lists the interpretation of “normal” and “fine” mesh settings. 
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Table 3-2: Mesh settings. 
















Normal Triangular 1 3265 900 5 398 
Fine Triangular 0.8 6539 1687 7 407 
Finer Triangular 0.55 12345 2824 30 407 
Extra fine Triangular 0.35 47894 9841 120 409 
Extremely 













 Problem solver 
Parameters of the solver and the solver type are set in this mode. In this 
investigation, the measured temperature was determined after two seconds of cutting as 
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discussed in Chapter 4. Consequently, the “time-dependent” solver type was used in 
FEMLAB. Also, in this mode, the type of ODE solver is defined. Since the tool is 
considered to be stiff, the “ode15stiff” solver was used. 
 
 Post mode 
This mode is used to analyze the results given by the solver. Temperature, heat 
flux and temperature gradient can be visualized in different ways. Also, cross-section 





Figure 3-11: Rotary tool in post mode. 
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Temperature distributions provided in Figure 3-11 and Figure 3-12 are a good 
way to visualize energy transport in the tool. For the fixed tool, it is noticed that the tool 
is heated considerably around the tool-chip contact area on the rake face as well as at the 
tool flank-workpiece interface. In contrast, it is easily seen that heat is carried away along 
the cutting edge when the rotary tool is used and the flank is heated less. This 
characteristic may explain why researchers have found lower tool wear when a rotary 















Predicted Vw = 36.3 m/min  f = 0.14 mm Shaw Vw = 27.4 m/min  f = 0.14 mm
Predicted Vw = 13.5 m/min  f = 0.14 mm Shaw Vw = 16.8 m/min  f = 0.05 mm
 




In Figure 3-13, predicted temperatures are compared to measured temperatures 
provided in previous work by Shaw (1952). The analysis is based on the data given by 
Shaw (1952) when turning a steel tube with a driven orthogonal rotary tool. Thus, cutting 
parameters, derivation of the heat flux at the tool-chip interface and so on are calculated 
using numerical values of Shaw’s experiments. As explained in Chapter 2, in driven 
rotary tool turning, an angle of inclination equal to zero corresponds to the fixed tool case 
(no rotation). 
As pointed out earlier, Shaw used the chip-tool thermocouple technique to 
determine the average chip-tool interface temperatures when using stationary and rotating 
tools. 
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Note that the predicted and measured results (Figure 3-13) are not for the same 
cutting conditions because Shaw (1952) did not provide all data for every case in his 
paper. 
However, it can be seen that both predicted and experimental temperatures show 
the same trend consisting of a decrease in temperature with increasing inclination angle, 
followed by a minimum around i = 40° and finally an increase in the temperature. Also, 
rotation of the tool induces lower temperatures. In addition, it can be seen for Vw = 36.3 
m/min and f = 0.14 mm, the predicted temperature is in reasonable agreement with 



















Figure 3-14: Temperature distribution along the cutting edge in rotary tool turning. 
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A typical plot of the instantaneous temperature distribution along the cutting edge 
in rotary tool turning is shown in Figure 3-14 for an example case. The horizontal axis in 
this figure represents the distance along the cutting edge of the rotary insert measured 
from one edge of the tool-chip contact area. The peak temperature corresponds to 
approximately the middle of the tool-chip contact area. This type of plot is used in 
Chapter 5 for model verification. 
 
3.3. Summary 
It is noticed that the finite element model presented in this section is simpler than 
those presented by other researchers in terms of implementation. The model predictions 
show good overall agreement in trends when compared with Shaw’s (1952) measured 
temperatures. This comparison was for a driven rotary tool process for machining a plain 
carbon steel with a HSS tool. The model developed in this chapter will be validated for 










This chapter describes experimental work carried out to verify the tool 
temperature distribution model for the SPRT process analyzed in Chapter 3. Both self-
propelled rotary tool and fixed tool based hard turning experiments are performed. Chip 
geometry, cutting forces and the tool temperature distribution are measured in these 
experiments. The following sections describe the experimental procedure and results. 
 
4.1. Machining a hardened AISI 52100 steel 
4.1.1. Experimental conditions 
Classical longitudinal turning of the outer diameter of a bar was carried out in 
these experiments. This kind of process involves a single point that maintains continuous 
contact with the workpiece during cutting. Since the goal is to see the effectiveness of the 
rotary tool in terms of cutting temperature, dry machining was employed. A customized 
tool holder with rotary tool cartridge and inserts were used in the experiments (see Figure 
4-1). Another cartridge (also shown in Figure 4-1) was manufactured to accommodate a 
fixed insert so that both rotary and fixed processes could be compared. The geometry of 
the fixed tool cartridge is identical to the rotary cartridge. Circular carbide inserts of 27 
mm diameter with TiN coating were used. The geometry of the cartridge and the tool 
holder give the inserts an effective negative rake angle of 15° and an effective clearance 
angle of 5°. 
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The workpiece is a hardened AISI 52100 steel round bar. This material has the 
following nominal chemical composition: C (0.98-1.1% wt.), Cr (1.45% wt.), Fe (97% 
wt.), Mn (0.35% wt.), P (max 0.025% wt.), S (max 0.025% wt.), Si (0.23% wt.). Its 
Young’s modulus, UTS and hardness are 210 GPa, 2240 MPa and 58 HRC (see Table 
























40 59 59 58 58 58.5 
36 59 58 58 58 58 
 
Rotary insert Fixed insert 
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The deformed chip thickness (tc) and the chip width (bc) were measured at 
different locations with a caliper  and a micrometer and the average values were then 
calculated. Determination of cutting forces is necessary to use the temperature model. 
The cutting forces were measured using a piezoelectric platform dynamometer (Kistler 
model 9257B) connected to a computer through a Kistler 5010 charge amplifier unit. A 
Krohn-Hite model 3384 analog filter was used to filter the measured cutting forces 
(Figure 4-3). The output of the Kistler dynamometer consists of three channels of force 
data carried through a single cable which is the input into the charge amplifier to 
adequately magnify the output signals. The output signals from the charge amplifier are 






recorded using the DCAP software. All machining was carried out on a Hardinge T42SP 















4.1.2. Cutting forces and chip geometry 
Both cutting forces and chip geometry have to be determined through experiments 
in order to obtain the model inputs. First, experiments were performed using a depth of 
cut equal to 0.2 mm, value used by a former student in rotary tool turning of hardened 
steel. 
4.1.2.1.Results 




















Cutting force Thrust force Feed force
 





















Cutting force Thrust force Feed force
 




It can be seen that forces do oscillate quite a bit. This phenomenon is explained 





Table 4-2: Influence on the cutting speed on the forces. 





















20 143 107 43 162 307 26 -12 -65 65 
40 150 159 50 193 397 37 -22 -60 34. 
60 144 175 50 170 417 39 -15 -58 28 
80 139 191 49 173 564 39 -20 -66 25 















Rotary tool Fixed tool
 
















Rotary tool Fixed tool
 
















Rotary tool Fixed tool
 




Table 4-2, it can be seen that the thrust force is large in magnitude while the feed force is 
quite small. A large thrust force is known to be typical of hard turning.  Globally, the 
forces are higher for the fixed tool case except for the feed force, which is quite small 
relative to the other two components. It is important to notice that this difference can be 
significant, particularly for the thrust force. Contrary to what it can be seen in 
conventional turning, there is no noticeable size-effect in Figure 4-6, Figure 4-7 and 
Figure 4-8. For both the rotary and fixed tool cases, the cutting and feed forces are almost 




Table 4-3: Influence of cutting speed on chip geometry (1). 











cc tt /∆  
(%) 
cc bb /∆  
(%) 
20       
40  1.693  1.770  -4.31 
60 0.041 1.719 0.050 1.736 -16.95 -0.98 
80 0.040 1.414 0.045 1.626 -11.32 -13.02 
100 0.038 1.219 0.030 1.431 28.57 -14.79 
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Table 4-4: Influence of cutting speed on chip geometry (2). 











20         
40   1.524 1.778   1.651 1.880 
60 0.038 0.043 1.524 1.829 0.043 0.056 1.676 1.803 
80 0.038 0.043 1.270 1.524 0.043 0.048 1.473 1.880 


















Rotary tool Fixed tool
 
















Rotary tool Fixed tool
 




Globally, both deformed chip thickness and chip width decrease with the cutting 
speed (see Figure 4-9 and Figure 4-10). The rotary tool case yields smaller values than 
the fixed tool case (see in Table 4-3 and Table 4-4). 
 
4.1.2.2.Discussion 
Based on qualitative observation of the results in Figure 4-6 through Figure 4-8, a 
cutting speed of 60 m/min seems to be a good trade-off in terms of force minimization, 
productivity and surface quality. Regarding the influence of cutting speed (see Table 4-
2), forces are smaller for the rotary tool case. Looking at the influence of cutting speed on 
chip geometry (see Table 4-3), the rotary tool case yields smaller chip thickness and chip 
width than the fixed tool case. 
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Additional experiments were performed using a smaller depth of cut (0.05 mm). 
This was done with the intent of finding out why the forces oscillate significantly at 0.2 
mm depth of cut. 
 
4.1.2.3.Results and discussion 
In Figure 4-11, the change in depth of cut does not affect the rotary tool. Forces 
still oscillate around an average value.  
In Figure 4-12, something interesting happens with the fixed tool. Forces 
(particularly the thrust force) keep increasing with time. Forces become stable and still 
oscillate around an average value in Figure 4-13. In Figure 4-14, forces start to again 
increase a bit. 
For the fixed tool, it turns out that the cartridge moves inside the tool holder.  A 
0.08 mm transversal displacement of the flank has been measured for a starting depth of 
cut of 0.2 mm (see Figure 4-15). An indicator was placed on the flank of the tool close to 
the contact “point”. Obviously, since the measurement was not performed at the contact 
“point” and since the cutting edge is circular, this is not the actual displacement.  
Nevertheless, it gives a good idea of motion of the insert/cartridge assembly. It is obvious 
from Figure 4-12, Figure 4-13 and Figure 4-14 that, for a depth of cut of 0.05 mm, the 
effect of this displacement is more significant. First, the cartridge keeps moving back in 
the tool holder and thus the depth of cut decreases. Then, the cartridge seems to stay in 
the same place. Two issues occur with this displacement. First, the depth of cut decreases 
and thus the insert does not cut anymore. In reality, there is rubbing between the insert 
and the workpiece and the forces are much higher. Moreover, the displacement of the 
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insert seems to decrease the clearance angle leading to increased rubbing between the 
tool flank and the workpiece. Thus, significant tool flank wear occurs after a single pass 
(see Figure 4-16). 
For the rotary tool case, force oscillations occur for both depths of cut used in the 
experiments. No displacement has been noticed for the rotary insert. It looks like the 
oscillations are due to the process itself (rotation of the insert; slight centerline offset of 
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Figure 4-15: Measurement of the displacement of the fixed tool. 
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Figure 4-17: Rotary tool, flank wear, Vw = 20 m/min, f = 0.1 mm/rev, ap = 0.05 mm. 
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Table 4-5: Influence of cutting speed on the forces. 















20 92 188 30    
40 84 236 30    
60 79 256 28    
80 77 277 27    






















































Figure 4-20: Influence of cutting speed on feed force. 
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In Figure 4-18 and Figure 4-20, the cutting and the feed forces look like they have 
the same behavior as in conventional turning. When the speed increases, the forces 
decrease until they reach a constant value. 
In Figure 4-19, contrary to the other components, the thrust force keeps increasing 
when the cutting speed increases. This behavior sometimes happens in hard turning and 
particularly when the tool radius is large. 
It is important to notice that the variations in both the cutting and feed forces (see 
Table 4-5) are small compared to the thrust force. In this case, it is impossible to have a 
minimum cutting speed that minimizes all three force components since the thrust force 
keeps increasing. Thus, the choice of the cutting speed must be made by looking at the 
thrust force alone. 
 
4.2. Temperature measurements 
4.2.1. Set-up 
In order to validate the tool temperature prediction model, rotary tool temperature 
measurements were made with an infra-red thermal imaging camera. Other methods such 
as the tool-work or the embedded thermocouple technique are not suitable because of the 
rotary tool. One advantage in using a camera is its ability to visually record and display in 
real time the temperature distribution of the tool. Additionally, to the author’s knowledge, 
no work has been done on rotary tool temperature distribution measurements using an 
infra-red thermal imaging camera. Contrary to a conventional lathe, the Hardinge CNC 
lathe is an enclosed machining center. Thus, the front door of the lathe had to be kept 
open during the experiments to get visual access to the tool and the workpiece. 
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The specific temperature measurement device used was a ThermaCAM IR camera 
model 280 manufactured by Inframetrics Inc (seen in Figure 4-21). This camera looks 
like a standard video camera and is mounted on a tripod for suitable stability. The 
detection of infra-red radiation (with a spectral band of 3.4 to 5 µm) is achieved by a 256 
× 256 array of platinum silicide focal planes, cooled by a Stirling cycle refrigerator. 
(Inframetrics, 1995). Selection and setting of parameters such as full image or spot mode, 
zoom (2:1 or 4:1), color palettes, background temperature and temperature span are 
possible. The target emissivity (0 to 1) is also set by means of the camera. The sensitivity 
of the camera and its image update rate are 0.1°C and 60 Hz, respectively. The camera 
output is an input into a GRAMcard (data acquisition board) mounted in a computer. The 
card allows the image captured by the camera to be observed in real time on the computer 
screen using the ThermaGRAM software. 
Material emissivity is of particular concern when a thermal imaging camera is 
used. By definition, the emissivity of an object is the amount of radiation which it emits 
relative to a pure black body. A black body is a perfect emitter and a perfect absorber as 
well. Emissivity is rated from 0 to 1 where an emissivity of 1 corresponds to a black 
body. In thermal imaging applications, it is preferable to have high emissivity (and thus a 
low reflectivity) so that the sensor detections are not jammed because of reflection. Also, 
it is well-known that the tool emissivity varies as a function of temperature. To deal with 
this issue, the first thought was to assign a constant emissivity to the tool. Therefore, the 
tool was coated with a Pyro-paint 634-SiC high temperature silicon carbide paint from 
Aremco Products, Inc. This paint can withstand temperatures of up to 1400 °C and is 
grey in color. Also, the emissivity of SiC does not vary between 20 °C and 1200 °C and 
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has an approximately constant value of 0.87. The main problem with this technique was 
that the paint was quickly erased by the rubbing action of the chip on the rotating insert. 
Consequently, another solution (explained in the next section) had to be investigated to 
deal with emissivity variation. 
Tool temperatures have been investigated in rotary turning of 52100 hardened 
steel. Flank measurements (as viewed from a side view) are usually employed in IR-
based temperature measurement since the chip does not cover this surface. However, due 
to the lathe geometry restrictions, the temperature was measured on the rake face (as 
viewed from a top view) of the tool. Figure 4-21 shows the actual tool temperature 
measurement set-up when machining the outer diameter of the hardened steel bar. Also, 
to be able to get reliable temperature data, suitable cutting conditions had to be 
determined. For this task, the goal was to get cutting conditions which allowed the tool 
rake face to be cleared of the chip quickly. In other words, the chip had to be small and 
discontinuous in order not to produce excessive brightness and thereby allow 
measurement of the rake face temperature distribution. In rotary tool turning, predicted 
and measured temperatures have been determined for four cutting conditions listed in 
Table 4-6. Comparison with the circular fixed tool has been done only for two cutting 







Table 4-6: Cutting conditions used for temperature measurements. 
Tool Rotary Fixed 
Cutting speed Vw (m/min) 10 15 20 25 10 15 
Feed f (mm/rev) 0.1 0.1 0.1 0.1 0.1 0.1 
Depth of cut ap (mm) 0.05 0.05 0.05 0.05 0.05 0.05 










4.2.2. Camera calibration 
Since the SiC paint method to eliminate emissivity variation did not work, the 
thermal camera had to be calibrated to get the actual tool temperature. Also, since the 
chip covers the tool-chip interface during cutting, the chip temperature was measured 
instead of the tool temperature at the interface. Consequently, the workpiece had to be 
calibrated as well. The tool and the workpiece were calibrated in an identical manner as 
follows. The insert (workpiece) was placed in an induction furnace and heated. A 
thermocouple mounted in the furnace gave the actual temperature of the insert 
(workpiece) inside the furnace. Temperature measurements of the insert (workpiece) 
were made for multiple temperatures using the IR camera. A constant emissivity of 1 was 
set in the camera since this value was used for temperature measurements during cutting. 
Measurements were analyzed with the Thermagram software. Figure 4-22 and Figure 




























































For both the tool and workpiece, the actual temperature is higher than the 
measured value since the emissivity is always lower than 1. Both materials yield the same 
tendency in terms of temperature variation. Actual temperature almost increases linearly 
as the measured temperature increases. The calibration curves were used for all tool 
temperature measurements made during cutting. 
 
4.2.3. Sample results 
An example of measured rotary tool temperature distribution is shown in Figure 
4-24. Measured temperatures were processed with the ThermaGRAM software via the 
infra-red thermal imaging camera. For validation purposes, the measured temperature is 




















The experimental set-up and the different experimental devices discussed in this 
chapter are critical for this research since they govern the reliability of the results and 
their accuracy. In this work, cutting forces and chip geometry were obtained 
experimentally. The temperature measurements obtained with the thermal infra-red 






5 CHAPTER 5 
 




In this chapter, the rotary tool temperature model presented in Chapter 3 is 
validated against the experimental measurements described in Chapter 4. Predicted and 
measured tool temperatures are compared. In addition, this chapter also presents a 
comparison of rotary and fixed tool temperatures. 
 
5.1. Tool temperature distribution in rotary tool turning 
Examples of predicted and measured tool temperature distribution are shown in 
Figure 5-1 and Figure 5-3, respectively. Figure 5-2 shows a zoomed view of the 
temperature distribution shown in Figure 5-1. Predicted temperatures are obtained from 
the FEMLAB solution of the temperature model and the measured temperatures are 
processed with the ThermaGRAM software via the infra-red thermal imaging camera as 
described in Chapter 4. As explained earlier, brightness due to the chip was the main 
problem in obtaining good temperature measurements. Cutting conditions given in Table 
4-6 were used and yielded the following cutting forces and chip geometry measurements. 
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10 74 100 22 1.50 0.05 
15 85 150 28 1.45 0.05 
20 92 188 30 1.40 0.05 





Figure 5-1: Rotary tool predicted temperature distribution (in °K), Vw = 10 m/min, f = 




Figure 5-2: Rotary tool-chip interface predicted temperature distribution (in °K), Vw = 

















Figure 5-3: Rotary tool measured temperature distribution (in °K), Vw = 10 m/min, f = 






In the measurement, the chip covers the tool-chip interface and consequently, the 
measured temperature is not the interfacial temperature but that of the chip. However, in 
this investigation, the chip thickness is very small (around 0.05 mm). Thus, the measured 
chip temperature is assumed to be equal to the interface temperature. In order to validate 
the model, a particular portion of the tool has to be analyzed. A critical aspect of 
generating temperature distributions is the ability to post-process the images to obtain 
meaningful data. In this investigation, analysis had to be focused on a portion of the tool 
for predicted and measured temperatures comparison to be strictly valid. The cutting edge 
is chosen for this investigation since it is the easiest entity to define both in FEMLAB and 
ThermaGRAM. 
 
5.2. Tool temperature along the cutting edge in rotary tool turning 
The predicted and measured temperature profiles are plotted along the cutting 
edge starting from the tool-workpiece contact point to one quarter of the circular cutting 
edge. The predicted and measured temperatures are compared for four cutting speeds 
after two seconds of cutting. Plots are given in Figure 5-4, Figure 5-5, Figure 5-6 and 
Figure 5-7 where predicted and measured trends show good overall agreement. The 
model sensitivity with respect to the rotational tool frequency is given in Table 5-2. It is 
seen that a 10% variation in the tool frequency provides a relative error smaller than 2% 
in terms of the maximum tool-chip interface temperature. Table 5-3 lists the maximum 
measured chip temperature for five measurements, the mean value and the standard 
deviation which is less than 14. 
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3.2 3.36 2.88 407 404 0.7 409 0.5 
4.8 5.28 4.32 478 473 1.0 483 1.0 
6.4 7.04 5.76 523 516 1.3 530 1.3 






















10 131 145 127 136 134 135 7 
15 231 251 263 248 265 252 14 
20 279 273 283 258 272 273 10 
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Figure 5-7: Cutting temperature along the cutting edge, Vw = 25 m/min. 
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In order to obtain a valid comparison of the measured and predicted temperatures, 
a point on the tool cutting edge outside the region covered by the chip needs to be 
analyzed since the model provides the tool temperature and not the chip temperature. 
This point is indicated by the vertical line drawn in Figure 5-4. The region to the right of 
the vertical line represents the temperature distribution of the tool outside the tool-chip 
contact zone. It can be seen from Figure 5-8 that the temperature difference at this 
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It is found that for all tested cutting conditions, the predicted cutting temperature 
shows a similar trend as the measured temperature when it is analyzed along the cutting 
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edge. In addition, a good agreement between the predicted and measured temperature 
distribution along the cutting edge was found. 
 
5.3. Comparison of rotary and fixed tools 
The fixed tool temperature distribution is given in Figure 5-9. It is seen the tool 
rake face is heated around the tool-chip interface and temperature decreases significantly 
















Figure 5-9: Fixed tool measured temperature distribution (in °C), Vw = 10 m/min, f = 0.1 




The rotary tool temperature is compared to the fixed tool case (denoted by FT) for 


















Measured FT temperature Measured RT temperature
ToolChip
 


















Measured FT temperature Measured RT temperature
ToolChip
 
Figure 5-11: Rotary and fixed tools temperatures along the cutting edge, Vw = 15 m/min. 
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It can be seen that the rotary tool exhibits a maximum temperature that is about 50 
°C lower than the fixed one. It can be also seen that the peak temperature is shifted in the 
direction of insert rotation when the rotary tool is used. This can be explained by the 
kinematics of the chip on the tool rake face. The peripheral tool speed makes the chip 
deflect at a greater flow angle compared to the fixed tool case. 
 
5.4. Summary 
It is found that for all tested cutting conditions, the predicted cutting temperature 
shows a similar trend as the measured temperature when it is analyzed along the cutting 
edge. In addition, a good agreement between the predicted and measured temperature 
distribution along the cutting edge was found. The maximum deviation between the 
predicted and measured temperatures was between 5-16 °C. Thus, the model can be used 
to give a good idea of the cutting temperature occurring during a rotary tool process. 
Also, it is seen that the SPRT yields lower cutting temperatures (by ≈50°C) 
compared to that obtained with a conventional non-rotating circular fixed tool under 









6.1. Model performance 
Results provided in this work indicate that the predictive model implemented to 
obtain thermal information can be used to give useful data about cutting temperature 
occurring in a rotary tool cutting process. Cutting forces and chip geometry data are 
necessary to derive the tool-chip interface heat flux and the kinematics of the process, 
respectively, used in the model. 
The effectiveness of the model was tested in turning of 52100 hardened steel (58 
HRC) with coated carbide circular inserts for several cutting conditions. Temperature 
measurements were conducted using an infra-red thermal imaging camera. For all tested 
cutting conditions, predicted and measured temperatures showed a similar trend when 
they were analyzed along the cutting edge. Moreover, the maximum error between the 
predicted and measured temperatures was between 5-16 °C. 
 
6.2. Temperature measurement limitations 
The experimental work and particularly the temperature measurement showed 
that the infra-red thermal imaging camera can be applied for rotary tool temperature 
measurement but its main disadvantage is its low flexibility. It was found that due to 
geometry and thermal restrictions (cartridge geometry and chip brighness), only a few 
cutting conditions could be investigated. 
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Since this technique has never been studied in rotary tool turning before, 
improvements and additional work are required to further develop the methodology and 
the accuracy of the results. It is anticipated that many improvements can be made in 
terms of design. The tool holder and cartridge should be modified to improve their 
rigidity. Thus, oscillation of cutting forces would be much lower and tool wear less 
significant. This modification should also have a great impact on the generation of 
thermal imaging data. The cutting improvement due to improved rigidity of the system 
should provide a better flexibility to measure temperatures. The use of a vertical spindle 
lathe may be investigated to improve the thermal measurements. This could have an 
important role in terms of chip evacuation. Due to the gravity, the chip would fall down 
easily and thus, this would facilitate the temperature measurement of the tool rake face. 
 
6.3. Future work 
The temperature decrease afforded by the use of a rotary tool instead of an 
equivalent circular fixed tool should be promising for further work concerning tool wear 
and tool life. It is true that in order to compare temperature tool distribution, the same 
geometry must be used for both rotary and fixed tools. However, a pertinent investigation 
should be to compare rotary tool wear and life not to an equivalent circular non-rotating 
tool but to conventional non-circular tool insert since it is well-established that circular 
inserts are not the best choice for turning. 
Temperature measurements have to be continued in turning different types of 
materials other than hardened steel. Some investigations have been done in machining 
difficult-to-machine materials as titanium alloys or metal-matrix composites (Chen et al. 
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1992). The use of a thermal imaging camera may be a good method to measure cutting 
temperatures occurring in these processes. 
The author hopes that the research done using an infra-red imaging camera serves 
as a foundation for future work in this area. Due to the lack of literature on thermal 
imaging in rotary tool turning, it is hoped that the methodology adopted for this work will 
be improved by other researchers. 
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A. APPENDIX A 
 




Driven oblique rotary tool cutting analysis 
The modified thin shear zone model and associated assumptions used in classical 
oblique cutting processes are applied to the rotary tool process. Also, the mechanism is 
still studied in the frame of the tool. 
1. A continuous (with no built up edge) and straight chip is formed. 
2. This chip formation is caused by shearing in a thin zone idealized by a shear plane 
and by friction on the rake face such that the chip is in equilibrium under the 
action of equal, opposite and collinear forces acting at the shear plane and rake 
face. 
3. The shear force Fs and the relative shear velocity Vs are collinear as well as the 
friction force F and the relative chip velocity Vcr. 
4. A concentrated edge force, due to ploughing or rubbing phenomena, occurs at the 
cutting edge which is proportional to the width of cut normal to the relative 
cutting velocity V. 
5. The chip transportation due to the rotation of the tool requires no additional 
energy. 
Using these assumptions, the process is described in the following figure and is 
considered as a deformation process with respect to a stationary tool for obtaining an 
equivalent oblique cutting process. It is important to note that from the third assumption 




Figure A-1: Driven oblique rotary tool cutting model (Armarego et al., 1994). 
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From the Figure A-1(a), mass continuity and incompressibility conditions, chip 
transportation and equations (3) to (7), Armarego et al. (1994) derived the following 
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r ==  (51) 
On the other hand, the relative chip length ratio rlr cannot be measured for rotary 




r crlr =  (52) 
From the Figure A-1(b), the equilibrium of the chip (using the second assumption 
mentioned above) lead to the following equations: 
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where 
 ncnnnM βηαβφ
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To summarize, it is important to note that the practical force components can be 
written in a functional form: 
 ),,,,,,,(,, βφτα nsnRQP tBiifunctionsFFF =  (60) 
where (Vw, Vr) can be used instead of i, as well as rlr or rl for φn and βn for β. 
This last form is just a useful way to show that in order to predict the practical 
force components due to shearing and friction, given B, t, αn, is and i, it is necessary to 
know τ, φn, βn. 
Also, as noted in the fourth assumption, edge force coefficients per unit width of 
cut KlP, KlQ and KlR must be considered to allow for rubbing and ploughing and must be 





















Re +=+=  (63) 
 The total power P in driven oblique rotary cutting process (including the power to 
drive the rotary tool and the one to drive the workpiece) and the total specific cutting 
energy are evaluated by: 









===  (65) 
Many of the above equations for the rotary tool process are similar to those for the 
classical oblique cutting one. It was mentioned before that if the volume material removal 
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rate (with no change in V and t) is the same for both processes, these ones can be 
considered equivalent. That yields to an equivalent width of cut b = Bcosi/cosis. In that 
way, rotary tool Equations (50), (53) and (58) to (62) become identical to those for 
classical oblique cutting. 
However, a main difference exists between these processes because chip 
transportation occurs only with rotary tools. Thus, the absolute chip flow angle ψ and the 
absolute chip length ratio rl from the equivalent process have to be compared to the 
relative chip flow angle ηc and the relative chip length ratio rlr from the rotary tool one. 
Finally, Armarego et al. (1994) propose a perfect equivalence between the rotary 
tool cutting and the classical oblique cutting processes. Consequently, the quantitative 
values of all common features should be the same in both processes. This model has been 
verified in an experimental investigation. 
 
Driven orthogonal rotary tool cutting analysis 
As pointed out earlier, the driven orthogonal rotary tool process is just a special 
case (where the static angle of inclination is is zero) of the driven oblique rotary tool 
process. 
Using the same modified thin shear model and substituting is = 0 in the equations 
derived for the driven rotary tool process, a similar analysis can be established. 
The same kind of equations is derived and the comments about them are the same. 
After Armarego et al. (1994), the driven orthogonal rotary tool process can be 
modeled as a dynamically or perfectly equivalent classical oblique cutting process where 
the width of cut has to be b = Bcosi together with a chip transportation due to Vr which 
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requires no additional energy. Also, this model has been verified in an experimental 
investigation. 
 





Vi =tan  (67) 
 iVVw cos=  (68) 
 iVVr sin=  (69) 
 iVBtBtVVbt w cos==  (70) 
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 iBKlFFFF PPPePPt cos+=+=  (84) 
 iBKlFFFF QQQeQQt cos+=+=  (85) 
 iBKlFFFF RRRRt cosRe +=+=  (86) 
),,,,,,,,,(,, RQPnnRtQtPt KlKlKltBiFunctionsFFF βφτα=  (87)
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Figure A-2: Driven orthogonal rotary tool cutting model (Armarego et al., 1994). 
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Self-propelled oblique rotary tool cutting analysis 
As mentioned earlier, the self-propelled oblique rotary tool process can be 
represented as a perfectly equivalent classical orthogonal cutting process with a chip 
transportation which involves no additional energy. 
Absolute deformation geometry, velocities and forces are represented in Figure 
A-3 and the equations for the self-propelled are derived from those of the driven oblique 
by substituting i = 0. 
In this way, Armarego et al. (1994) asserted that the forces and power in self-
propelled rotary could be found using the perfectly equivalent classical orthogonal 
cutting analysis with an equivalent width of cut b = B/cosis. Equations are given below. 
Like both former processes, the self-propelled one has been verified experimentally 





Figure A-3: Self-propelled oblique rotary tool cutting model (Armarego et al., 1994). 
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 sw iVV cos=  (88) 
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 ),,,,,,,,,(, QPnwsnQtPt KlKlViBtFunctionsFF βφτα=  (102) 
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Summary 
• The driven oblique rotary tool process is the most general case. 
• The driven orthogonal rotary tool process is a particular case where the 
static inclination angle is is equal to zero. 
• The self-propelled rotary tool process is a particular case where the 




























Vr = 0 















B. APPENDIX B 
 




One of the advantages of this approach is to get an analytical solution for the 
temperature rise. However, some assumptions must be considered carefully. 
The quarter-infinite body approximation could be a good approximation but the 
problem is that with this assumption, Chen et al. cannot treat the movement of the tool as 
a rotation and actually uses a translation. It is obvious that the temperature distribution 
cannot be the same.  
Chen et al. affirm that the heat conduction equation has the form given in 
Equation 69. It seems that he forgets the term due to the heat source itself. The partial 



























².(  (103) 
where q is the heat flux at the tool-chip interface (W.m-2). 
In the Equation 10, Chen et al. use Q as a heat (Joules) and after, for numerical 
computation, he integrates it over the tool-chip interface area and time. In order to use 
this double integration, he cannot use this equation. Also, Chen does not use the 
rotational tool speed in the expression. According to Jaeger (1959), the temperature rise 
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Integrating over the source area and time: 
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C. APPENDIX C 
 





• To derive both energy and flux continuity at the interface equations in generalized 
coordinates, Kishawy gives no information about its procedure and some results 
should be considered carefully. 
• First, Kishawy et al. affirm that the Jacobian of the transformation represents the 
ratio of physical space to transformed space and is defined as in Equation (17). 
But actually, the Jacobian of the transformation from the x,y,z to the ε,η,ζ 
























• To get Equations 16 and 21 used by Kishawy, the above definition of the Jacobian 
has to be used and the starting point is the differential equation of conduction of 

























∂ρ  (107) 
where ρ is the density of the material, k and c are the thermal conductivity and the heat 
capacity of the tool respectively and the Laplacian of the temperature is given in the 
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Then, terms as the gradient, the divergence and the Laplacian must be derived in 
generalized coordinates using the following relations: 

















=∇  (109) 
If kTjTiTT
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∂  since J is not equal to zero, a 
new system is derived: 
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By identification of Equations (111) and (113), the metrics of the transformation 
are found to be: 
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Thus, the conservative form of the gradient in the transformed space is: 
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and the non-conservative form is: 
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The conservative form of the divergence in the transformed space is: 
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and the non-conservative form is: 
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  (119) 
If the generalized coordinates are orthogonal (it is the case in Kishawy’s model), 











































2 1  (120) 
And finally, the equation of conduction of heat in a moving medium using 
generalized coordinates is given by: 
 106
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• Also, for the derivation of the equation of continuity, Equation (22), Kishawy et 
al. give no information about it. The principal explanations follow. 
First, the tool-chip interface is in the (ε,ζ) plane. The following vector belongs to 
this plane: 
( ) ( ) ( ) ( )kzjyixr
rrrr εζεζεζεζ ,,,, ++=  
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If ε, η, ζ are orthogonal coordinates, the left-hand side of the continuity equation 









22r  (124) 
If the above equation is integrated over the surface of the control volume with ∆ε 
= ∆ζ = 1, no changes occurs because of the values of ∆ε, ∆ζ. 




and if ∆ε = ∆η = ∆ζ = 1, using the Ostrogradsky’s theorem which transforms a 































































































































• Normally, the power law function used by Kishawy in Equation 87 depends on 
the value of the Peclet number (Patankar, 1980). 
Equation (25) can be written as the following form too: 
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Regarding Equation (27), Kishawy et al. infer that 0 ≤ Pe ≤ 10 and it seems to 
have a typo in this equation; 0.5 has to be changed in 0.1. So, numerical values are 
necessary to verify Kishawy’s assumption. 
 
• In the equation (29), it seems to have another problem. This equation is derived 
from equation (22), so the J in the right-hand side has to be changed in 1. 
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10 2.6 3.2 0.05 0.05 1.4 0.05 1.50 
15 3.9 4.8 0.05 0.05 1.4 0.05 1.45 
20 5.2 6.4 0.05 0.05 1.4 0.05 1.397 

















10 74 100 22 78 51.6 0.215 
15 85 150 28 123 112.7 0.177 
20 92 188 30 158 182.4 0.152 
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